Chimeric poliovirus RNAs, possessing the 5 nontranslated region (NTR) of hepatitis C virus in place of the 5 NTR of poliovirus, were used to examine the role of the poliovirus 5 NTR in viral replication. The chimeric viral RNAs were incubated in cell-free reaction mixtures capable of supporting the sequential translation and replication of poliovirus RNA. Using preinitiation RNA replication complexes formed in these reactions, we demonstrated that the 3 NTR of poliovirus RNA was insufficient, by itself, to recruit the viral replication proteins required for negative-strand RNA synthesis. The 5-terminal cloverleaf of poliovirus RNA was required in cis to form functional preinitiation RNA replication complexes capable of uridylylating VPg and initiating the synthesis of negative-strand RNA. These results are consistent with a model in which the 5-terminal cloverleaf and 3 NTRs of poliovirus RNA interact via temporally dynamic ribonucleoprotein complexes to coordinately mediate and regulate the sequential translation and replication of poliovirus RNA.
The single-stranded positive-sense RNA genome of poliovirus functions sequentially as an mRNA for viral protein synthesis and then as a template for viral negative-strand RNA synthesis (33) . Cytoplasmic extracts from HeLa cells support the sequential translation and replication of poliovirus RNA (5, 31) . In the presence of 2 mM guanidine HCl, cell-free translation-replication reactions support the translation of viral RNA and the accumulation of viral preinitiation RNA replication complexes (4, 6) . Guanidine HCl reversibly blocks the initiation of negative-strand RNA synthesis by interfering with the function of viral protein 2C
ATPase (3, 38, 40) . When preinitiation RNA replication complexes are resuspended in reaction mixtures in the absence of guanidine HCl, the preinitiation RNA replication complexes synchronously initiate the synthesis of viral negative-strand RNA (6) . Ribosomes translating the viral mRNA within preinitiation RNA replication complexes prevent the synthesis of negative-strand RNA (8, 15) . Thus, the conversion of viral ribonucleoprotein complexes into preinitiation RNA replication complexes is an important temporally regulated event in the replication of poliovirus RNA.
Contemporary models of eukaryotic mRNA translation suggest that the 5Ј and 3Ј nontranslated regions (NTRs) of mRNAs communicate via RNA binding proteins bound to both termini of the mRNA (14, 19, 42) . In particular, poly(A) binding protein bound to 3Ј-terminal poly(A) interacts with eukaryotic initiation factors eIF4G I and II anchored to the 5Ј NTR of mRNA, bringing the 5Ј and 3Ј NTRs into proximity (49) . During the course of a poliovirus infection, viral protein 2A
Pro mediates the cleavage of eIF4G I and II and poly(A) binding proteins (11, 18, 23, 24) . This leads to the shutoff of cap-dependent host protein synthesis and precludes the ability of eIF4G I and II and poly(A) binding protein to form proteinprotein bridges between the 5Ј and 3Ј termini of mRNAs, including poliovirus RNA. Therefore, it remains to be established whether poliovirus mRNA, in conjunction with host cell translation machinery, assumes a conformation in which the 5Ј and 3Ј NTRs are proximally located. Although conventional studies suggested that the poliovirus 3Ј NTR and poly(A) tail function as the cis-active sequences for poliovirus negativestrand RNA synthesis (1, 21, 39) , recent studies (9, 20, 48) suggest that the 5Ј and 3Ј termini of poliovirus RNA coordinately mediate poliovirus negative-strand RNA synthesis.
VPg, and/or one of its precursors, is thought to prime the initiation of RNA replication (16, 47) . VPgpUpU OH is synthesized by poliovirus RNA replication complexes in vitro (45, 46) and accumulates as a product of replication in vivo (13) . In reconstitution experiments, it has been shown that VPg can be uridylylated in reactions containing a poly(A) template, UTP, and 3D polymerase (37) . More recent experiments suggest that an RNA stem-loop structure (CRE) within the 2C ATPase coding region of poliovirus RNA also functions as a template for VPg uridylylation (17, 36, 41) . In this report, we demonstrate that the viral open reading frame, 3Ј NTR, and poly(A) tail of poliovirus RNA were insufficient to mediate the formation of functional preinitiation RNA replication complexes. The 5Ј-terminal cloverleaf of poliovirus RNA was required in cis to form functional preinitiation RNA replication complexes capable of uridylylating VPg and initiating negative-strand RNA synthesis.
MATERIALS AND METHODS
cDNA and cloning. Plasmids pT7-PV1(A) 80 , encoding an infectious cDNA clone of poliovirus RNA, pT7-PV1(A) 80 G 2474 ϩCTAG, encoding DJB1 RNA, pT7-PV1(A) 80 ⌬C 1175 -C 2956 , encoding poliovirus RNA with an in-frame deletion in the capsid genes, and pT7-PV1(A) 80 ⌬C 630 -T 6011 ⌬T 6061 -A 6516 , encoding DJB14 RNA, were kindly provided by James B. Flanegan, University of Florida College of Medicine, Gainesville, Fla. (7, 12) . A plasmid, pNCR-C(AUG), encoding the hepatitis C virus (HCV) 5Ј NTR, was kindly provided by Aleem Siddiqui, University of Colorado Health Sciences Center, Denver, Colo.
i. pDNVR1. PCR-based cloning was used to remove nonviral nucleotides between the T7 promoter of pNCR-C(AUG) and the 5Ј NTR of HCV in this plasmid. PCR primers (5Ј CTGTAATACGACTCACTATAGGCCAGCCCCC TGAG 3Ј and 5Ј CTGGCCATTGAGGTTTAGGATTCGTGCTCATGG 3Ј) were used to amplify the HCV 5Ј NTR from pNCR-C(AUG). pNCR-C(AUG) was cut with PvuII and EcoRI to remove the unwanted T7 promoter and HCV 5Ј NTR. The 395-bp PCR product encoding the T7 promoter immediately upstream of the HCV 5Ј NTR was blunt ligated into the PvuII-and EcoRI-cut pNCR-C(AUG).
ii. pDNVR2. pT7-PV1(A) 80 and pDNVR1 were used as parental plasmids to create pDNVR2. The MscI to PvuI fragment of pDNVR1 was ligated to the SnaBI to PvuI fragment of pT7-PV1(A) 80 to make pDNVR2.
iii. pDNVR1b. pDNVR1 was used as a parental plasmid to make pDNVR1b. The 5Ј-terminal 110 nucleotides of poliovirus cDNA were inserted between the T7 promoter and the HCV 5Ј NTR of pDNVR1 to make pDNVR1b. To do this, 5Ј-phosphorylated PCR primers (5Ј GATATCTAATACGACTCACTATAGG 3Ј and 5Ј GGGGCTGGCTCTAAGTTACGGGAAGGGAG 3Ј ) were used to amplify the 5Ј-terminal 110 nucleotides of poliovirus from pT7-PV1(A) 80 ⌬C 630 -T 6011 ⌬T 6061 -A 6516 . The PCR product was then blunt ligated into the XcmI to PvuII fragment of pDNVR1.
iv. pDNVR12. The FspI to NheI fragment of pDNVR1b was ligated to the NheI to FspI fragment of pDNVR2 to make pDNVR12. All plasmids were confirmed by restriction enzyme analyses and DNA sequencing when necessary. Viral mRNAs. T7 RNA polymerase was used to synthesize viral mRNAs by runoff transcription of MluI-linearized plasmids. A T7 transcription kit (Epicentre, Madison, Wis.) was used according to the manufacturer's recommendations. When indicated, 5Ј 7-methylguanosine cap analogue (m 7 G5Јppp5ЈG) was used to make viral mRNAs with 5Ј-terminal 7-methylguanosine caps. The cap analogue was used at a fourfold excess to GTP in the T7 transcription reaction mixtures to ensure that Ͼ60% of the viral mRNAs were capped. T7 RNA transcripts were purified either by phenol-chloroform-isoamyl alcohol extraction and G-50 column desalting or by sequential precipitation in 2.5 M LiCl and 66% ethanol.
HeLa S10 translation-replication reactions. HeLa cell S10 extract (S10) and HeLa cell translation initiation factors (IFs) were prepared as previously described (7). HeLa S10 translation-replication reaction mixtures contained 50% by volume S10, 20% by volume IFs, 10% by volume 10ϫ nucleotide reaction mix (10 mM ATP, 2.5 mM GTP, 2.5 mM CTP, 2.5 mM UTP, 600 mM KCH 3 CO 2 , 300 mM creatine phosphate, 4 mg of creatine kinase/ml, and 155 mM HEPES-KOH [pH 7.4]), 2 mM guanidine HCl, and viral mRNA at 25 to 75 g per ml. Reaction mixes were incubated at 34°C. mRNA stability. Poliovirus mRNA stability was assayed by incubating 32 Plabeled poliovirus mRNA in HeLa S10 translation-replication reaction mixtures. Portions of the reactions were solubilized in 0.5% sodium dodecyl sulfate (SDS) buffer (0.5% SDS [Sigma], 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, and 100 mM NaCl) after incubation at 34°C for the times indicated in the figure legends. The reaction mixtures were extracted with phenol-chloroform, and the RNA from the FIG. 1. Viral RNAs analyzed in these studies. They were synthesized by T7 transcription of MluI-linearized plasmids: poliovirus RNA from pT7PV1(A)80⌬C1175-C2956; DNVR2 RNA from pDNVR2; and DNVR12 RNA from pDNVR12. Poliovirus RNA, diagrammed at the top, is a subgenomic poliovirus RNA replicon containing an in-frame deletion within the capsid genes (RNA2 in reference 12). The capsid gene deletion in each of these viral RNAs is advantageous for two reasons. First, it renders the subgenomic RNA replicons noninfectious, thereby reducing biosafety concerns, and second, the deletion of capsid genes renders the viral RNAs shorter, allowing for the synthesis of higher-quality T7 transcripts which replicate better than genome-length transcripts in HeLa S10 translation-replication reactions. Poliovirus RNA (with the in-frame capsid deletion) is the wild-type RNA in the following experiments. DNVR2 RNA is a chimeric viral RNA possessing the 5Ј NTR of HCV in place of the 5Ј NTR of poliovirus. DNVR12 RNA is a chimeric viral RNA possessing the 5Ј terminal 110 nucleotides of poliovirus and the 5Ј NTR of HCV. The three viral RNAs are 3Ј coterminal, encoding the poliovirus replication proteins, the 3Ј NTR of poliovirus, and a 3Ј-terminal poly(A) tail 83 bases in length. Two nonviral G residues are present on the 5Ј terminus of these T7 transcripts. These 5Ј-terminal G residues prevent positive-strand RNA synthesis in HeLa S10 translation-replication reaction mixtures (8) .
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POLIOVIRUS NEGATIVE-STRAND RNA SYNTHESIS 10697 reactions was ethanol precipitated. The RNA from the reactions was then denatured in 50 mM methylmercury hydroxide and separated by electrophoresis in 1% agarose. The RNAs in the gels were stained with ethidium bromide and visualized by UV light. The gels were then dried, and radiolabeled poliovirus mRNA was detected by autoradiography and quantified using a phosphorimager (Molecular Dynamics, Sunnyvale, Calif., or Bio-Rad, Hercules, Calif.). mRNA translation. Poliovirus mRNA translation was assayed by including [ 35 S]methionine (1.2 mCi per ml; Amersham) in HeLa S10 translation-replication reaction mixtures. Incorporation of [ 35 S]methionine into acid-precipitable material was assayed by collecting 1-l samples of the HeLa S10 translationreplication reaction materials in 100 l of 0.1 N KOH-1% Casamino Acids at the times indicated in the figure legends. Samples were then precipitated with 5% trichloroacetic acid (5 ml) on ice for 10 min. Precipitated proteins were collected by filtration on 2.5-cm-diameter nitrocellulose filters (Millipore), and the radiolabel retained on the filters was quantified by scintillation counting. The counts per minute of acid-precipitable [ 35 S]methionine were plotted versus time of incubation.
[ 35 S]methionine-labeled proteins synthesized in HeLa S10 translation-replication reaction mixtures were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). Samples (4 l) of the HeLa S10 translation-replication reaction mixtures containing [ 35 S]methionine were solubilized in SDS-PAGE sample buffer (2% SDS [Sigma], 62.5 mM Tris-HCl [pH 6.8], 0.5% 2-mercaptoethanol, 0.1% bromophenol blue, 20% glycerol) after incubation for the times indicated in the figure legends. The samples were heated at 100°C for 5 min and separated by gel electrophoresis in 10% or 9 to 18% SDS-polyacrylamide gels as previously described (7) . The gels were fixed by soaking them in 50% trichloroacetic acid. The gels were then fluorographed using dimethyl sulfoxide-2,5-dipheyloxazole, dried, and [
35 S]methionine-labeled proteins were detected on film (Kodak XL1-Blue).
Negative-strand RNA synthesis. Poliovirus negative-strand RNA synthesis was assayed using preinitiation RNA replication complexes formed in HeLa S10 translation-replication reaction mixtures, as previously described (6) . Viral RNAs (50 to 100 g/ml) were incubated in HeLa S10 translation-replication reaction mixtures containing 2 mM guanidine HCl for 3 h at 34°C. Then, preinitiation RNA replication complexes were isolated from the reactions by centrifugation at 13,000 ϫ g for 15 min at 4°C. Pellets containing preinitiation RNA replication complexes were then resuspended in 50-l labeling reaction mixtures containing [␣-
32 P]CTP and incubated at 37°C for 30 min as previously described (method 4 of reference 6). Under these conditions, radiolabel is incorporated into nascent negative-strand RNA as it is synthesized by the viral RNA replication complexes (6) . The two nonviral G residues at the 5Ј terminus of the T7 RNA transcripts used in this study ( Fig. 1 ) prevent viral positive-strand RNA synthesis (8) . Therefore, the products of these reactions are exclusively of negative polarity (8) . The reactions were terminated by the addition of 0.5% SDS buffer. The products of the reaction were phenol-chloroform extracted, ethanol precipitated, denatured with 50 mM methylmercury hydroxide, and separated by electrophoresis in 1% agarose (7) . RNA in the gels was stained with ethidium bromide and visualized by UV light.
32 P-labeled poliovirus negative-strand RNA was detected by autoradiography and quantified using a phosphorimager (Molecular Dynamics or Bio-Rad).
VPg uridylylation. VPg uridylylation was assayed using preinitiation RNA replication complexes. Preinitiation RNA replication complexes were isolated from HeLa S10 translation-replication reaction materials in the same way as those used for negative-strand RNA synthesis described above (6) . The preinitiation RNA replication complexes were resuspended in reaction mixtures containing [␣-32 P]UTP rather than [␣-32 P]CTP as described for negative-strand RNA synthesis (6) . The reaction mixes were incubated for 60 min at 37°C. Following incubation, the reaction mixtures were centrifuged at 13,000 ϫ g to 32 P]CTP, the RNA products were denatured with methylmercury hydroxide and separated by electrophoresis in 1% agarose and viral negative-strand RNA was detected by autoradiography.
pellet the viral RNA replication complexes. Radiolabeled VPgpUpU OH and radiolabeled viral RNA remained in the replication complexes and were not released into the soluble portion of the reaction mixtures (data not shown). The supernatant, containing unincorporated radiolabel, was discarded. The pellets, containing radiolabeled viral RNA and uridylylated VPg, were solubilized in SDS sample buffer (1.5% SDS [Sigma], 62.5 mM Tris-HCl, pH 6.8, 2.5% ␤-mercaptoethanol, 5% glycerol, 0.05% bromophenol blue). The samples were fractionated by electrophoresis (75 mA of constant current for 7 min followed by 13 
RESULTS

Replacing the 5 NTR of poliovirus with the 5 NTR of HCV.
To determine the role of the poliovirus 5Ј NTR in poliovirus RNA replication, we constructed a chimeric viral RNA molecule composed of the 5Ј NTR of HCV fused to the open reading frame and 3Ј NTR of poliovirus RNA (Fig. 1, DNVR2   FIG. 3 . Viral RNA stability. The stability of DNVR2 and poliovirus RNA templates was compared in HeLa S10 translation-replication reactions. (A) 32 P-radiolabeled DNVR2 and poliovirus RNAs, both without and with 5Ј 7-methylguanosine caps, were incubated in HeLa S10 translation-replication reaction mixtures at 34°C. Samples of each reaction were solubilized in SDS buffer after incubation for 0, 0.5, 1, 2, and 4 h. The samples were separated by electrophoresis in 1% agarose, and the viral RNAs were detected by autoradiography. (B) 32 P-labeled viral RNA bands were quantitated by phosphorimaging. The percent of input viral RNA detected at time zero in the reactions was plotted versus time. Poliovirus RNA (f), DNVR2 RNA (F), 5Ј-capped poliovirus RNA (Ⅺ), and 5Ј-capped DNVR2 RNA (E).
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POLIOVIRUS NEGATIVE-STRAND RNA SYNTHESISRNA). The ability of DNVR2 RNA to express viral replication proteins and to function as a template for viral negative-strand RNA synthesis was examined using cell-free HeLa S10 translation reactions and preinitiation RNA replication complexes (Fig. 2) . DNVR2 RNA translated efficiently, though not as efficiently as poliovirus RNA, leading to the synthesis of poliovirus replication proteins (Fig. 2 , lanes 5 to 8 and lanes 9 to 12, respectively). DNVR2 preinitiation RNA replication complexes, however, were unable to synthesize negative-strand RNA when compared to poliovirus preinitiation RNA replication complexes (Fig. 2B , lane 1 versus lane 2). These results indicated that the HCV internal ribosome entry complex (IRES) within the 5Ј NTR of DNVR2 RNA was able to functionally replace the IRES of poliovirus to drive viral protein expression. The 5Ј NTR of HCV, however, did not functionally replace the 5Ј NTR of poliovirus when negative-strand RNA synthesis was assayed. Viral RNA stability. In previous studies, we observed that the 5Ј-terminal cloverleaf of poliovirus RNA mediated the stability of poliovirus RNA (9) . Therefore, we examined the stability of DNVR2 RNA, which lacks the 5Ј-terminal cloverleaf of poliovirus RNA, to determine whether the 5Ј NTR of HCV functionally replaced that of poliovirus to mediate viral RNA stability (Fig. 3) . DNVR2 RNA was significantly less stable than poliovirus RNA in HeLa S10 translation reactions (Fig. 3A , lanes 6 to 10 versus 1 to 5 and 3B). A 5Ј-terminal 7-methylguanosine cap restored stability to DNVR2 RNA (Fig. 3A , lanes 16 to 20 versus 6 to 10 and 3B). These results support the conclusion that DNVR2 RNA is more susceptible to 5Ј exonuclease digestion than poliovirus RNA. Thus, the inability of DNVR2 RNA to function as a template for viral negative-strand RNA synthesis in the previous experiment (Fig. 2B ) could have been due to the degradation of the DNVR2 RNA templates required for negative-strand RNA synthesis. To rule out this possibility, we examined the ability of 5Ј-capped DNVR2 RNA to function as a template for negative-strand RNA synthesis (Fig. 4B ). 5Ј-capped DNVR2 RNA was stable in HeLa S10 translation-replication reaction mixtures (Fig. 3) and translated efficiently to yield the viral replication proteins needed for RNA replication (Fig. 4A, lanes 13  to 16) . 5Ј-capped DNVR2 RNA did not translate more efficiently than uncapped DNVR2 RNA (Fig. 4A , lanes 13 to 16 versus 9 to 12) despite its improved stability in the HeLa S10 translation-replication reactions (Fig. 3) . Furthermore, despite the improved stability of the 5Ј-capped DNVR2 RNA template, 5Ј-capped DNVR2 RNA did not serve as a functional template for viral negative-strand RNA synthesis (Fig. 4B, lane  4) . In contrast, poliovirus RNA functioned as an efficient template for viral negative-strand RNA synthesis both with and without a 5Ј cap structure (Fig. 4B, lanes 1 to 2) . These results support the conclusion that DNVR2 RNA lacks one or more 32 P]CTP, the RNA products were denatured with methylmercury hydoxide and separated by electrophoresis in 1% agarose and viral negative-strand RNA was detected by autoradiography. The image presented represents a 38-min exposure of film. In a 64-h exposure (100-fold longer than 38 min), no bands of DNVR2 negative-strand RNA were detected (data not shown).
cis-active RNA structures required for viral negative-strand RNA synthesis.
trans replication of poliovirus RNA. To determine whether the viral replication proteins expressed from DNVR2 RNA were functional, we performed trans-replication experiments in which 5Ј 7-methylguanosine-capped DNVR2 RNA was used as a helper mRNA to provide replication proteins in trans to replicate a target RNA incapable of expressing its own replication proteins (Fig. 5) . Although poliovirus replication proteins function in trans very inefficiently in vivo (33), they function in trans very efficiently in HeLa S10 cotranslation reactions as shown in Fig. 5 . DJB14 RNA is a poliovirus RNA with two (Fig. 5A) . DJB14 RNA possesses a functional IRES, and a small fragment corresponding to the COOH terminus of 3D Pol , ⌬3D Pol , was expressed from DJB14 mRNA (Fig. 5B, lane 1) . DNVR2 RNA expressed the poliovirus replication proteins (Fig. 5B, lane 5) . DNVR2-expressed replication proteins formed functional preinitiation RNA replication complexes capable of copying DJB14 RNA into negative-strand RNA (Fig. 5C, lanes 2 to 4) . In the absence of replication proteins, DJB14 RNA was not copied into negative-strand RNA (Fig. 5C, lane 1) . As the molar ratio of DJB14 RNA to DNVR2 RNA was decreased from 3:1 to 1:1 in the HeLa S10 translation-replication reactions, corresponding increases were seen in the amount of DNVR2-expressed viral replication proteins (Fig. 5B , lanes 2 to 4) and DJB14 negative-strand RNA synthesis (Fig. 5C, lanes  2 to 4) . Furthermore, DNVR2 RNA was not used as a template for viral negative-strand RNA synthesis in reactions containing both DNVR2 RNA and DJB14 RNA (Fig. 5C, lanes 2  to 4) . Thus, DNVR2 RNA was able to express the poliovirus replication proteins required for negative-strand RNA synthesis but was unable to use them in cis to synthesize negativestrand RNA. DJB14 RNA, a molecule containing both the 5Ј and 3Ј NTRs of poliovirus was functional as a template for viral negative-strand RNA synthesis. DJB14 RNA, however, did not 1 and 3) or absence (lanes 2 and 4) of 2 mM guanidine HCl, the RNA products of each reaction were denatured with methylmercury hydroxide and separated by electrophoresis in 1% agarose and viral negative-strand RNA products were detected by autoradiography. complement DNVR2 RNA replication in trans (Fig. 5C, lanes  2 to 4) . These results are consistent with the conclusion that one or more RNA sequences or structures within the 5Ј NTR of poliovirus RNA are required in cis for viral negative-strand RNA synthesis.
Because reduced protein expression could potentially lead to a defect, specifically in the replication of larger RNA templates, we examined the ability of DNVR2 RNA to function as a helper mRNA for both large and small RNA templates (Fig.  6) . DJB1 RNA is a genome-length poliovirus RNA with a 4-base insertion in the capsid coding region (Fig. 6A and Materials and Methods). A 4-base insertion in the capsid coding region prevents expression of the downstream viral replication proteins (data not shown). When cotranslated with DNVR2 mRNA, equal amounts of viral replication proteins were provided in trans to DJB14 and DJB1 RNA templates (Fig. 6C) . Proteins encoded by DJB14 and DJB1 mRNAs were also observed as predicted (Fig. 6C) . Preinitiation RNA replication complexes formed during cotranslation with DNVR2 mRNA supported negative-strand RNA synthesis on DJB14 and DJB1 RNA templates (Fig. 6D) . As before, DNVR2 RNA did not function as a template for negative-strand RNA synthesis (Fig.  6D , lanes 2 and 4, note that no RNA product is detected above DJB14 RNA nor below DJB1 RNA). When quantified by phosphorimaging, the amount of negative-strand RNA synthesized on the DJB1 RNA template was only slightly smaller than the amount of negative-strand RNA synthesized on the DJB14 RNA template. Thus, the reduced levels of viral replication proteins expressed from DNVR2 mRNA were sufficient to support negative-strand RNA synthesis on both small and large RNA templates. Therefore, the inability of DNVR2 RNA to function as a template for viral negative-strand RNA synthesis is not due to reduced expression of viral replication proteins.
The 5-terminal cloverleaf of poliovirus RNA was required in cis for viral negative-strand RNA synthesis. We predicted, based on the results of previous investigations (D. J. Barton and J. B. Flanegan, unpublished observations) (29) , that the 5Ј-terminal cloverleaf of poliovirus would be sufficient to restore template activity to DNVR2 RNA. Lu and Wimmer (29) previously demonstrated that chimeric viral RNAs composed of the poliovirus cloverleaf-HCV IRES-poliovirus open reading frame-3Ј terminus were viable. Therefore, we constructed DNVR12 RNA; a chimeric viral RNA composed of poliovirus nucleotides 1 to 110 fused to the 5Ј terminus of DNVR2 RNA (Fig. 1 and Materials and Methods). DNVR12 RNA was incubated in HeLa S10 translation-replication reaction mixtures to assay viral protein synthesis (Fig. 7) , viral negative-strand RNA synthesis (Fig. 8) , and VPg uridylylation (see Fig. 10 ).
The kinetics of DNVR12 mRNA translation, relative to those of DNVR2 mRNA, were intriguing (Fig. 7A) . DNVR12 RNA translated four times more efficiently than DNVR2 RNA (Fig. 7A ) despite both RNAs possessing identical HCV IRESs (Fig. 1) . The initial rate of DNVR2 mRNA translation was comparable to that of DNVR12 mRNA (Fig. 7A, 20 min) . Following 20 min of incubation, however, the rate of DNVR2 mRNA translation quickly declined such that the accumulation of viral proteins ceased by 40 min of incubation (Fig. 7A) . In contrast, the rate of DNVR12 mRNA translation remained robust after 20 min of incubation, with viral proteins accumulating until 120 min of incubation (Fig. 7A) . The time at which the rate of DNVR2 mRNA translation declined corresponded with the time required for ribosomes to transit the viral RNA open reading frame. Viral protein 3CD, the viral protease responsible for proteolytically processing the viral polyprotein, is encoded at the 3Ј terminus of the viral RNA open reading frame (Fig. 1) . As soon as ribosomes complete the synthesis of viral polyprotein, viral protein 3CD, in the context of the viral polyprotein, begins to proteolytically process the viral polyprotein. After 20 min of incubation, neither full-length viral polyprotein nor viral protein 3CD was present in the products of the in vitro translation reactions (Fig. 7B) . After 40 min of incubation, the viral polyprotein and each of the viral replication proteins were detected (Fig. 7B) . Thus, DNVR2 mRNA ceased functioning as an mRNA at a time corresponding to that in which the ribosomes transited the viral mRNA open reading frame, while DNVR12 mRNA, with the 5Ј-terminal cloverleaf of poliovirus RNA, continued to function as an mRNA for another 80 min. These results suggest that the 5Ј-terminal cloverleaf of poliovirus RNA may affect the ability of viral mRNA to reutilize ribosomes from the 3Ј terminus of the viral mRNA open reading frame.
We measured viral negative-strand RNA synthesis using preinitiation RNA replication complexes isolated from HeLa S10 translation-replication reaction mixtures containing poliovirus RNA, DNVR2 RNA, and DNVR12 RNA. As previously reported (6), guanidine HCl (2 mM) inhibited negative-strand RNA synthesis (Fig. 8, lane 1) . In the absence of guanidine HCl, poliovirus RNA served as a functional template for the synthesis of negative-strand RNA (Fig. 8, lane 2) . As shown previously (Fig. 2B, 4B , 5C, and 6D), DNVR2 RNA did not function as a template for viral negative-strand RNA synthesis (Fig. 8, lane 4) . In contrast, DNVR12 RNA served as a functional template for viral negative-strand RNA synthesis (Fig. 8,  lane 6 ). DNVR12 RNA, however, was not as efficient a template as poliovirus RNA, making only 10% as many negativestrand RNA molecules as poliovirus RNA (Fig. 8 , compare lane 6 with lane 2). This lack of wild-type activity may be due to the reported complementarity between RNA sequences in the 5Ј cloverleaf of poliovirus and HCV 5Ј NTR (53) or to RNA sequences in the poliovirus IRES which are not present on these RNA templates (10) . Nonetheless, this experiment demonstrated that the 5Ј-terminal 110 nucleotides of poliovirus RNA, corresponding to the 5Ј-terminal cloverleaf of poliovirus, when added to the 5Ј terminus of DNVR2 RNA, rendered DNVR12 RNA capable of functioning as a template for viral negative-strand RNA synthesis.
The 5-terminal cloverleaf of poliovirus RNA was required in cis for the uridylylation of VPg. Next, we assayed the synthesis of VPgpUpU OH, using preinitiation RNA replication complexes ( Fig. 9 and 10 ). Guanidine HCl (2 mM) inhibited the synthesis of VPgpUpU OH by preinitiation RNA replication complexes (Fig. 9A, odd-numbered lanes) . In the absence of guanidine HCl, poliovirus RNA served as an efficient template for the uridylylation of VPg (Fig. 9A, even-numbered lanes) . Radiolabeled VPgpUpU OH was detected at the earliest time points examined (10 min of incubation) and accumulated over 2 h of incubation (Fig. 9) . In contrast, DNVR2 RNA did not function as a template for the uridylylation of VPg (Fig. 10,  lane 4) . DNVR12 RNA served as a functional template for the uridylylation of VPg at 10% the level of poliovirus RNA (Fig.  10, lane 6) . Thus, template activity for VPg uridylylation was proportional to that for viral negative-strand RNA synthesis for the three viral RNAs tested (compare Fig. 8 with Fig. 10 ). The 5Ј-terminal cloverleaf of poliovirus RNA was required in cis for the uridylylation of VPg (Fig. 10 , compare lane 6 with lane 4) and for the synthesis of viral negative-strand RNA (Fig.  8, compare lane 6 with lane 4) . FIG. 8 . Negative-strand RNA synthesis. Preinitiation RNA replication complexes were isolated from HeLa S10 translation-replication reaction mixes containing poliovirus RNA (lanes 1 and 2), DNVR2 RNA (lanes 3 and 4), and DNVR12 RNA (lanes 5 and 6). The preinitiation RNA replication complexes were incubated in reactions containing [␣-
32 P]CTP in the presence (lanes 1, 3, and 5) or absence (lanes 2, 4, and 6) of 2 mM guanidine HCl as described in Materials and Methods. RNA products from these reactions were denatured with 50 mM methylmercury hydroxide and separated by electrophoresis in 1% agarose, and the radiolabeled negative-strand RNA was detected by phosphorimaging. The mobility of single-stranded RNA size markers (in kilobases), detected by ethidium bromide staining, is indicated on the left side of the image.
DISCUSSION
In this report, we demonstrated that the 5Ј-terminal cloverleaf of poliovirus RNA is required in cis for viral RNA to function as a template for both the uridylylation of VPg and the synthesis of negative-strand RNA in the context of preinitiation RNA replication complexes. In addition, the 5Ј-terminal cloverleaf RNA dramatically affected the kinetics and magnitude of mRNA translation of chimeric mRNAs possessing the HCV IRES. These experiments highlight the importance of the 5Ј cloverleaf RNA structure in the formation of functional mRNP complexes and viral RNA replication complexes.
5 Cloverleaf RNA. The 5Ј-terminal cloverleaf of poliovirus RNA is now associated with a number of interesting functions during viral replication, including viral mRNA stability (32), viral mRNA translation (this report and reference 44), VPg uridylylation (this report), viral negative-strand RNA synthesis (9, 20, 48) , and potentially viral positive-strand RNA synthesis (2) . To mediate these functions, the cloverleaf RNA structure interacts with both cellular proteins and viral replication proteins. Because poliovirus RNA functions sequentially as an mRNA for viral protein expression and then as a template for viral negative-strand RNA synthesis, it is likely that temporally dynamic ribonucleoprotein structures form on the 5Ј-terminal cloverleaf to mediate sequential activities. Poliovirus mRNA stability is mediated by interactions between poly(rC) binding proteins (PCBPs) and the 5Ј-terminal cloverleaf RNA (32) . PCBPs bound to the 5Ј cloverleaf of poliovirus RNA may simultaneously interact with poly(A) binding protein (PABP) bound to the poly(A) tail of poliovirus mRNA, effectively circularizing poliovirus mRNA within the messenger ribonucleoprotein (mRNP) complex (20) . The potentiation of DNVR12 mRNA translation by the 5Ј cloverleaf relative to DNVR2 mRNA translation reported in Figure 7 could be explained in the context of such a model. Eukaryotic cap-dependent mRNA translation is thought to occur in the context of interactions between eIF4G I and II at the 5Ј end of mRNA and PABP at the 3Ј end of mRNAs (49) . The expression of poliovirus 2A Pro leads to the cleavage of eIF4G I and II, the shutoff of host protein synthesis, and the inability of eIF4G I and II to circularize mRNAs via interactions with PABP (because PABP binds to the NH terminus of eIF4Gs released by 2A Pro cleavage). PCBPs interacting with the 5Ј cloverleaf of poliovirus mRNA could provide a mechanism for the restoration of interactions between the 5Ј and 3Ј termini of poliovirus mRNA within mRNP complexes (20) . The abrupt cessation of translation of DNVR2 mRNA coordinates in time with the arrival of ribosomes at the 3Ј end of the viral open reading frame (Fig. 7) and is consistent with a defect in the reutilization of ribosomes from the 3Ј terminus of the viral open reading frame. A proximal orientation of the 5Ј and 3Ј ends of viral mRNA within mRNP complexes, mediated by protein-protein bridges between the 5Ј cloverleaf RNA and poly(A) tail, could underlie the process of efficient reutilization of ribosomes from the 3Ј terminus of poliovirus mRNA. As viral replication proteins accumulate, viral mRNP complexes are converted into viral RNA replication complexes. Viral protein 3CD binds to the 5Ј cloverleaf RNA during this process and appears to be required for the subsequent initiation of viral negative-strand RNA synthesis (9) . Preinitiation RNA replication complexes. Preinitiation RNA replication complexes represent an intermediate between viral mRNP complexes and viral RNA replication complexes. Preinitiation RNA replication complexes accumulate during the translation of poliovirus RNA in the presence of 2 mM guanidine HCl. Guanidine HCl inhibits the ATPase activity of viral protein 2C (38) . The guanidine-inhibited activity of viral protein 2C is required for the initiation of viral negative-strand RNA synthesis (6, 48) . Within preinitiation RNA replication complexes, cis-active RNA structures must align viral replication proteins along the viral RNA template near the site of RNA synthesis initiation. Thus, cis-active structures in poliovirus RNA must align VPg (or VPgpUpU OH ) and 3D
Pol along the 3Ј-terminal poly(A) tail of the viral RNA template. Poliovirus protein 2C
ATPase and/or 2BC ATPase may be involved in the alignment of the proteins along the poly(A) tail as guanidine HCl inhibits the uridylylation of VPg (Fig. 9 ) and the initiation of negative-strand RNA synthesis ( Fig. 7 and  10 ) (6) . Protein 2C
ATPase may alter protein-RNA interactions within preinitiation RNA replication complexes in a manner analogous to that described for vaccinia virus NPH II (22) . 2C CRE is not present within DJB14 RNA and, therefore, is not required in cis for negative-strand RNA synthesis in transreplication reactions (Fig. 5 and 6 ). The role of this RNA structure in VPg uridylylation within preinitiation RNA replication complexes requires further analysis. A cis-active 5Ј RNP complex containing viral protein 3CD may deliver protease to cleave 3AB, the membrane-associated precursor of VPg, at the site of VPg uridylylation and/or the site of negative-strand synthesis initiation along the poly(A) tail.
5-3 communication. The topology of poliovirus RNA, predicted by optimal and suboptimal free energy folding, favors a proximal orientation in space for the 5Ј and 3Ј termini (34) . Furthermore, contemporary models of eukaryotic mRNA translation suggest that the 5Ј and 3Ј termini of mRNAs are held in a proximal conformation by RNA binding proteins (14, 42, 49) . Finally, poliovirus RNA exists as an mRNA before it functions as a template for viral negative-strand RNA synthesis (33) . We observed that the 5Ј-terminal cloverleaf of poliovirus RNA stimulated the translation of viral mRNA containing the HCV IRES (Fig. 7) . As described above, we concur with Herold and Andino (20) that the 5Ј-terminal cloverleaf of poliovirus mRNA provides a mechanism for interactions between the 5Ј and 3Ј NTRs of poliovirus mRNA, namely a protein-protein bridge between PCBPs on the 5Ј cloverleaf RNA and PABP on the 3Ј-terminal poly(A) tail. Our data demonstrate that both the 5Ј and 3Ј termini of poliovirus RNA are required in cis for viral RNA to function as a template for the uridylylation of VPg and the synthesis of viral negativestrand RNA. Therefore, it is possible that poliovirus preinitiation RNA replication complexes contain poliovirus RNA in a conformation in which the 5Ј-terminal cloverleaf of poliovirus RNA is in proximity to both the 2C-CRE element required for VPg uridylylation and the 3Ј NTR and poly(A) tail where negative-strand RNA synthesis initiates.
Proximal RNA termini: a common strategy for RNA animal viruses? RNA animal viruses appear to utilize communication between the 5Ј and 3Ј termini of their viral RNAs as a common strategy to regulate gene expression and RNA replication. As described above for poliovirus, communication between the cis-active RNA sequences and structures at the 5Ј and 3Ј termini of its viral RNA allows for coordinate regulation of viral mRNA translation and the initiation of negative-strand RNA synthesis. Sindbis virus RNA replication occurs via a genomelength negative-strand RNA molecule made from the genomelength viral RNA template. The Sindbis virus subgenomic viral mRNA, which is 3Ј coterminal with the genome-length viral mRNA, does not serve as a functional template for viral negative-strand RNA synthesis. Thus, Sindbis virus RNA must possess cis-active RNA elements 5Ј terminal to the subgenomic viral mRNA to mediate, in part, template recognition and the initiation of viral negative-strand RNA synthesis. An analysis of defective-interfering RNAs of Sindbis virus demonstrated that only RNA sequences from the very 5Ј and 3Ј termini of Sindbis virus RNA were required for replication and packaging (28) . Coronavirus RNA transcription and RNA replication, though more complex, may subscribe to the same theme (43) . The coronavirus RNA genome possesses 5Ј-terminal cis-active RNA sequences that are not present on subgenomic mRNAs (25, 26) . Coronavirus mRNAs lacking these 5Ј-terminal cisactive RNA elements are incapable of serving as templates for negative-strand RNA synthesis. HCV RNA possesses complementarity between RNA sequences in its 5Ј and 3Ј termini FIG. 10 . 5Ј Cloverleaf RNA and VPg uridylylation. Preinitiation RNA replication complexes were isolated from HeLa S10 translationreplication reactions containing poliovirus RNA (lanes 1 and 2), DNVR2 RNA (lanes 3 and 4), and DNVR12 RNA (lanes 5 and 6). The preinitiation RNA replication complexes were incubated in reaction mixtures containing [␣-
32 P]UTP in the presence (lanes 1, 3, and 5) and absence (lanes 2, 4, and 6) of 2 mM guanidine HCl as described in Materials and Methods. Radiolabeled RNA products were fractionated by electrophoresis in a 10% polyacrylamide Tris-Tricine gel. Radiolabeled VPgpUpU OH was detected by phosphorimaging. (27) , although this complementarity has not been demonstrated to be functionally relevant to any steps of viral replication. Negative-strand rhabdovirus and orthomyxovirus RNAs form panhandle structures due to complementarity in RNA sequences at their 5Ј and 3Ј termini (30, 51, 52) . These panhandle RNA structures are required for viral RNA transcription and replication (30, 51, 52) . Finally, rotaviruses appear to utilize complementarity at the termini of their viral RNA template to mediate negative-strand RNA synthesis (35, 50) . Thus, the 5Ј and 3Ј termini of various viral RNA molecules exhibit a predilection for proximal orientations, and these proximal RNA termini seem to facilitate the regulation of viral gene expression and replication.
